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Abstract 

The supersymmetric particles (sparticles) belonging exclusively to the electroweak 
sector of the minimal supersymmetric standard model (MSSM) may hold the key to the 
observed dark matter relic density in the universe even if all strongly interacting spar- 
ticles are very heavy. The importance of the light EW sparticles in DM physics and in 
producing spectacular collider signals is emphasized. It is shown that even the prelimi- 
nary data on the direct searches of these sparticles at the LHC, significantly constrain the 
parameter space of the MSSM compatible with the observed relic density and provide 
hints about the future search prospects. If in addition to the electroweak sparticles the 
gluinos are also within the reach of the LHC experiments, then the gluino mass limits 
in the light slepton scenario obtained via the jets + pr channel may be relaxed by as 
much as 25 % compared to the existing limits. But the corresponding same sign dilep- 
ton (SSD) + jets + Ifrp signal will yield enhanced limits competitive with the strongest 
limits currently available. This is illustrated with the help of benchmark scenarios at 
the generator level using PYTHIA. If the gluinos are just beyond the current reach of 
the LHC, then the generic n-lepton + m-jets + missing energy signal may discriminate 
between different DM producing mechanism by comparing the signals corresponding 
to different values of n. This is illustrated by simulating the signals for n = and n = 2 
(the SSD signal). 
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1 Introduction 



Supersymmetry(SUSY) is a theory of elementary particles which for the first time relates 
bosons and fermions through symmetry transformations (see e.g., Q3-[3]|) . Apart from its aes- 
thetic appeal this theory solves several practical problems. For example, the standard model 
(SM) of particle physics has no explanation of the observed dark matter (DM) relic density in 
the universe flUHl. In contrast the minimal supersymmetric standard model (MSSM) Q with 
R-parity conservation provides an attractive DM candidate: the lightest neutralino (xl) 061. 
This weakly interacting massive particle (WIMP) is chosen to be the lightest supersymmet- 
ric particle (LSP) in many SUSY models. By virtue of R-parity conservation it is stable 
and whenever an unstable heavier superparticle (sparticle) is produced in an accelerator it 
eventually decays into the LSP. 

Being a stable WIMP the LSP escapes detection, providing there by the missing energy 
signature - the hallmark of sparticle production. This is one of the many spectacular inter- 
connections between particle physics and cosmology. Naturally the search for SUSY had 
been a top priority programme at the recently concluded experiments at the Large Hadron 
Collider (LHC) at 7 and 8 TeV llTT-flOl and will continue to occupy the central stage of the 
upcoming LHC experiments at 13/14 TeV. 

A large number of phenomenological analyses have also addressed the issue of SUSY 
search at the LHC-7/8 TeV experiments liTTTl . The implications of the LHC constraints for 
neutralino DM have been studied in some recent analyse [fT2l4T5l . 

No signature of SUSY has been discovered even after several decades of painstaking 
accelerator based searches including the ones at the LHC. Only lower bounds on the particle 
masses are available. Therefore the above interconnection, though elegant in principle, can 
not be verified as yet. The best one can do at the moment with these bounds is outlined 
below. 

The first step is to compute the DM relic density in a given model of SUSY breaking. 
This depends on the i) pair annihilation cross section of the LSP and/or ii) the cross section of 
the coannihilation of the LSP with other sparticles. The sparticle masses in the model under 
'in this paper MSSM stands for a general model without specific assumptions regarding SUSY breaking 
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consideration determine the parameter space consistent with the relic density data. One can 
then find out the parameter space consistent with both the relic density and LHC data. 

Even this limited goal cannot be attained without ambiguity. This is due to the fact that 
in many scenarios the current bounds from the LHC and the DM relic density are sensitive 
to disjoint sectors of the MSSM parameter space. The LHC data have little bearing on DM 
physics in such models. This intriguing possibility was recently emphasized in lfT5ll . 

The main point in [Tf5l was that the experiments at the LHC are designed for searching 
the squarks and the gluinos. Naturally the data severely restricts the strongly interacting 
sector, i.e., the masses of these sparticles. These bounds are only mildly sensitive to the 
electroweak (EW) sector. On the other hand the DM relic density may very well be produced 
exclusively by the EW spartciles having properties insensitive to the strong sector. Thus only 
in specific models with correlations among the masses of the sparticles in the strong and EW 
sectors, DM physics may be constrained by the LHC data. 

The minimal supergravity (mSUGRA) model lfT6l . also known as the constrained MSSM 
(cMSSM), is a case in point. Here the squark-gluino mass bounds can be easily translated 
into restrictions on the spectrum of the EW sparticles. As a result it is now well-known that 
the mSUGRA parameter space allowed by the relic density data has been severely depleted 
by the LHC constraints |[T3l . 

In contrast the sparticle spectra in the strong and EW sectors are independent in the 
unconstrained MSSM. For a given strong sector consistent with the LHC data, there could 
be many allowed EW sectors with different characteristics. This was illustrated in lfT51l with 
the help of several benchmark scenarios. These scenarios consist of different EW sectors 
each consistent with the relic density data. It was found that the changes in the squark-gluino 
mass limits were rather modest (10 - 15 %) of the order of the theoretical uncertainties in 
most scenarios §. 

In the unconstrained MSSM the EW sector is, therefore, restricted by the rather modest 
bounds from LEP [19 ] and Tevatron [|20l only. These bounds obtained by direct search of EW 

2 In lfT51 as well as in this paper it is assumed that the masses of the sparticles in the strong and EW sectors 
are well separated. In compressed SUSY models flTI with approximate mass degeneracy between the above 
two sectors the squark-gluino mass limits are significantly weaker lP7l [T8l 
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sparticles, are much smaller than the TeV landmark for supersymmetric models in general. 
Model independent lower limit on the chargino mass from LEP data is 103.5 GeV |fT9ll . The 
same on the slepton (smuon) mass is 96.6 GeV^ (for m^o = 40 GeV). The limit from the 
unsuccessful trilepton search at the Tevatron is 145 GeV on chargino mass for a specific 
choice of parameters in the mSUGRA model. 

It was also illustrated in lfT5l that there are many purely electroweak annihilation and 
coannihilation mechanisms for DM production in the unconstrained MSSM which are not 
viable in the cMSSM (see Section 2.2 of lfT5lO . Some examples are the annihilation of a 
LSP pair into the lighter Higgs scaler resonance or the Z resonance, the LSP - sneutrino 
co-annihilation etc. Thus obtaining direct constraints on the EW sector from the LHC is of 
crucial importance. 

It is encouraging to note that the LHC data on direct production of EW gauginos (the 
charginos and the neutralinos) and charged sleptons are now available (see below). In this 
paper we shall extend the analysis of |[T5l using more recent LHC data including the mea- 
surement of the Higgs boson mass ll2TI and the results of the direct searches for the elec- 
troweak(EW) sparticles. 

Searches for direct production of EW gauginos and charged sleptons in final states with 
two or three leptons has been reported by ATLAS ll22]|23l using 4.7 fb" 1 of proton-proton 
collision data recorded at y/s = 7 TeV^ • The CMS Collaboration has also presented a detailed 
analysis of EW production of charginos and neutralinos (decaying into two or more leptons) 
Il24l using an integrated luminosity of 4.98 fb" 1 of pp collision at y/s = 7 TeV. Both ATLAS 
and CMS have updated these results at yfs = 8 TeV with more luminosity. The ATLAS 
analysis JlH is based on 13.0 fb" 1 of data and CMS have used 9.2 fb _1 data J26l collected in 
2012 in respective detector at yfs = 8 TeV. As no excess was observed in any of the channels 
studied so far, upper limits at 95 % CL were set in the R-parity conserving phenomenological 
MSSM (pMSSM) model J27|| and in several simplified models. 

These limits are presented in the figures of Il22l - l26l . Some of the figures have been 



3 This limit is valid for the R-type smuon. However, it also yields a conservative limit for L-type sleptons 

having larger production cross section. 

4 In this paper lepton (slepton) denotes a particle (sparticle) carrying e or fi flavour. If the discussion 

involves r or stau, it will be explicitly mentioned. 
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reproduced in this paper for ready reference (see the next section). We wish to stress that 
these constraints are either independent of or very mildly dependent on the strong sector. 

Most of the above models contain sleptons (either L or R-type) lighter than the lighter 
chargino and the second lightest neutralino. This feature spectacularly enhances the leptonic 
signals from the pair production of EW gauginos in general. Moreover, the current direct 
slepton searches at the LHC are already sensitive to light L-type sleptons. 

From the point of view of collider signals alone these models may appear to be only a 
subset of many possibilities in the MSSM. They, however, become more appealing in the 
context of neutralino DM. It is wellknown that the presence of the light sleptons provides 
efficient mechanisms for relic density production in the Universe. The importance of the 
R-sleptons in this respect has been appreciated for a long time. It was recently emphasized 
in |[T5Tl that even with light L-sleptons and sneutrinos, the LSP-sneutrino coannihilation may 
turn out to be an important DM producing mechanism. Moreover, the contribution of light 
sleptons and gauginos can enhance the theoretical prediction as required by the measurement 
of the (g-2) of the muon ( (g — 2)^ ) ll28l . This will be briefly discussed in a subsequent 
section. 

One of the goals of this paper is to identify the parameter spaces allowed by the relic 
density data in some of these models and to explore the impact of the LHC constraints on 
them. 

If in addition to light EW sparticles, there are squarks and gluinos within the reach of 
future LHC experiments, the light slepton scenario may significantly modify the signatures 
of squarks- gluino production. Typically these signatures consists of final states with n - 
leptons + m - jets + fir, where n and m are integers. It is usually believed that the n = 
case provides the best discovery channel or produces the strongest mass limits. In the light 
slepton scenario the EW gauginos present in the squark-gluino decay cascades, decay into 
final states involving e and [i with large branching ratios (BRs). This depletes a part of the 
zero lepton signal weakening there by, the prospect of discovery or the mass limits. This was 
also demonstrated in the context of the Tevatron data on squark gluino production [|29l . In 
contrast the signal with n > 1 will be correspondingly enhanced. On the other hand if the 
above gauginos dominantly decay into r rich final states via a light stau, the 01 signal will 
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be enhanced. These points were discussed |[T5l along with demonstrations in benchmark 
scenarios using 7 TeV data. 

In this paper we shall address these issues in farther details in the light gluino - heavy 
squark scenario using the data from the 8 TeV run. The possible enhancement of signals with 
n > 1 will be illustrated with the help of the same sign dilepton (SSD) + jets +fir channel. 
We shall demonstrate that in some regions of the parameter spaces under consideration, the 
SSD channel may even provide better sensitivity compared to the 01 channel. 

The plan of the paper is as follows. In Section 2 we shall consider several models 
constrained by the ATLAS and the CMS collaborations from electroweak SUSY signals and 
identify the parameter spaces compatible with both LHC and DM relic density data. We shall 
also consider some variants of the above models which leave the collider signals unaltered 
but provide elegant mechanism of relic density production. In Section 3 we shall discuss 
qualitatively some issues related to future electroweak SUSY signals. We shall also consider 
the modification of gluino mass limits in the light slepton scenario. The relative strength of 
the jets + fir and SSD + jets + fir signal will be advocated as the smoking gun signal of 
the light slepton scenario. We shall also briefly comment on (g — 2) M in the light slepton 
scenario and its compatibility with ATLAS [|25Tl and the relic density data. Our main results 
will be summarized in the last section. 

2 Neutralino DM in the MSSM with light EW sparticles 

We begin by briefly reviewing the chargino-neutralino sector of the MSSM. In the most gen- 
eral MSSM the charginos( xf, 1 = 1>2) an d the neutralinos i = 1-4 ) are admixtures of 
the SU(2) gauginos (the winos), the U(l) gaugino (the bino) and the higgsinos (the super- 
partners of the Higgs bosons) with appropriate charges. These mixings essentially depend 
on 4 parameters - the gaugino mass parameters Mi and M 2 , the Higgs mass parameter \i 
and tan/3, the ratio of the vacuum expectation values of the two Higgs doublets. For 
>> |M 2 | > |Mi|, Xi is bino (B) dominated and the lighter chargino xf (the second lightest 
neutralino Xz) ls mostly a charged (neutral) wino, but for \M\\ > |M 2 |, Xi (Xs>) * s domi- 
nantly the neutral wino (bino). On the otherhand if \M\\ ~ |M 2 | the two lighter neutralinos 
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are admixtures of the neutral wino and bino. In the limit, « \Mi\ } \M 2 \, the two lighter 
neutralinos and the lighter chargino are all mostly higgsinos with approximately the same 
mass determined by /i. If ~ |Mi| ~ \M 2 \, some of the mass eigenstates will be strongly 
mixed. As we shall see below the ATLAS and the WMAP data in conjunction shed light on 
the composition of the LSP in different scenarios. 

Through out this paper we have set m h « 125 GeV by taking the trilinear soft breaking 
term A t as large (-3 to -4 TeV). No special SUSY breaking mechanism has been assumed. 
However, if any model considered in this paper can be motivated by a mSUGRA type sce- 
nario with radiative EW symmetry breaking and non-universal soft breaking terms, we have 
pointed it out. 

The ATLAS collaboration have searched for chargino-neutralino (xf — X2) pair produc- 
tion |[22l|23l|25l within the following frameworks. 

• The Light Gaugino and R-slepton (LGRS) Model: This is a phenomenological MSSM 
(pMSSM)§ inspired scenario with light R-type sleptons: Here tan /3 =6 and three rep- 
resentative values Mi (a) 100.0, (b) 140.00 and (c) 250.0 GeV have been considered. 
These models will be referred to as LGRSa, LGRSb and LGRSc respectively. The free 
parameters are M 2 and /i. The mass of the R-type sleptons of all three generations are 
assumed to be degenerate and given by m~ lR = (m^o + m^o)/2. All other sparticles 
including L-type sleptons and sneutrinos are assumed to be heavier than 2 TeV. In this 
case xf decays exclusively to tau leptons as the chargino couples dominantly to the r 
via its higgsino component. The x 2 decays into charged lepton-antilepton pairs of all 
flavours with equal BRs. 

• The Light Gaugino and L-Slepton (LGLS) model: In this simplified model the free 
parameters are (reference) the masses of xf , x°, Xi^l, v. It is assumed that the lightest 
neutralino is bino like and xf an d X2 316 wino like. All L-type slepton masses are 
chosen as m~ lh = = (m^o + m~±)/2. As a result the BR of chargino decay in 
slepton-neutrino and sneutrino-lepton mode of each flavour is the same. Similarly the 

5 The pMSSM is a model based on the MSSM with some extra assumptions like no flavour changing neutral 
current, no CP violation etc. It has 19 free parameters all defined at the EW scale ll27l 
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X2 decay into neutrino- sneutrino and lepton-slepton pairs of each flavour with equal 
probability. 

• The Light Gaugino Heavy Slepton Model (LGHS): This is a simplified model with 
heavy sleptons. In this scenario both L and R-type sleptons are assumed to be heavy. 
Here xf an d xH decay only via on-shell or off-shell W and Z bosons respectively and 
the LSP. These two gaugino mass eigenstates are assumed to be wino dominated and 
mass degenerate while the xl is bino dominated. 

The CMS collaboration have also searched for final states with two, three and four lep- 
tons indicating the direct production of charginos and neutralinos Il24ll26l . In their analysis 
the xf an d X2 are assumed to be wino dominated and mass degenerate while the x\ is as_ 
sumed to be bino like. Like ATLAS, they have considered two basic scenarios - one with 
intermediate sleptons having masses between xf an d Xi an d the other with heavy sleptons. 
The intermediate sleptons can be either of L-type or R-type. In both cases the mass of the 
slepton {mi) i s parametrized as m ; ~ = m^o + xj {m~± — m%o), where < xj < 1. This 
parametrization is more general than the one used by the ATLAS collaboration. We shall 
focus on their analysis in the LGRS model with e) x\ = 0.25, f) xj = 0.5 and g) x\ = 0.75 
which will be referred to as LGRSe, LGRSf and LGRSg respectively. 

In addition both the LHC collaborations have searched for slepton pair production via 
the opposite sign dilepton channel. It is assumed that only the L-sleptons and the sneutrinos 
are light and all other sparticles are heavy (the Light Left Slepton (LLS) Model). Thus the 
sneutrino is the the next lightest supersymmetric particle (NLSP) while the slepton decay 
into the LSP and a lepton with 100 % BR. Here the LSP is bino like and ^ = 1000 GeV and 
tan/3 = 6. 

The current LHC experiments are sensitive to L-type slepton pair production only. The 
cross-section of R-type slepton pair production is far too small to affect the present search 
results. However, they may have significant influence on relic density production. We shall 
also consider models with both R and L type sleptons with equal soft breaking mass param- 
eters (the Light Left and Right Slepton (LLRS) Model). 

We have considered two variants of the LLRS models. First we have taken /x = 1 TeV 
as before. Here the ji tan/3 term induces large mixing in the stau mass matrix and the lighter 
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stau mass eigenstate (tx) could be significantly lighter than the other sleptons so that it turns 
out to be the NLSP. This model will be referred to as the LLRS model with large mixing 
(LLRSLM). 

Next we choose fi = 400.0 GeV. Here all L and R sleptons are approximately mass 
degenerate due to small mixing in the stau sector. As a result the sneutrino is still the NLSR 
This is the LLRS model with small mixing (LLRSSM). 

In this paper we have computed the sparticle spectra and the decay BRs using SUSPECT 
(v2.41) (301 and S DECAY J2Q. DM relic density has been computed by micrOMEGAs 
(v.2.4.1) 11321 . The observed DM relic density (f2/i 2 ) in the universe measured by the Wilkin- 
son Microwave Anisotropy Probe (WMAP) collaboration [1331 is given by Vth 2 = 0.1126 ± 
0.0036. If 10% theoretical uncertainty is added [1341 then the DM relic density is bounded by 
0.09 < tth 2 <0.13at2t7 level. 

Observed 95% CL exclusion contours in the [i — M 2 plane in the LGRSa, LGRSb, 
LGRSc models introduced above have been obtained by ATLAS H23H25II from unsuccessful 
chargino-neutralino searches. For ready reference we have presented them in Fig. 1(a), 1(b) 
and 1(c) for Mi = 100, 140 and 250 GeV respectively. In each of these figures we have also 
superimposed the parameter space allowed by the observed DM relic density ( the shaded 
region). The orange region is excluded by the LEP2 constraint m~± > 103.5 GeV. 

In Fig. 1 (a) the region between the upper red line and the lower red/blue line are excluded 
by the ATLAS data. The parameter space for [i ~ M\ and, in general, low values of ji 
are disfavoured by the ATLAS/LEP constraints irrespective of M 2 . Thus a strongly mixed 
neutralino (bino-wino-higgsino or bino-higgsino) is disfavoured. The limits disappear when 
both n and M 2 are large (the upper right corner) as production cross-sections are smaller. 
However, this region is disfavoured by the relic density data. For high ji and low M 2 the 
mass differences between x\ an d X° or Xi 316 rather small and there is no limit due to 
reduced sensitivity. This region is consistent with the observed DM relic density. In Fig. 
1(a) the difference between m~± and m^o in the region allowed by both LHC and WMAP 
experiments is typically 25 - 30 GeV. 

Thus for relatively low Mi both the ATLAS and WMAP data favour a Bino dominated 
LSP In Fig. 1(a) the LSP pair annihilation into l + l~ (bulk annihilation) and LSP - R-slepton 
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Figure 1 : Red lines represent observed 95% CL limit contours from chargino and neutralino production in 
the pMSSM by ATLAS (23l|25) for Mi = 100 GeV (a), Mi = 140 GeV (b) and Mi = 250 GeV (c). Blue lines 
represent the earlier limits from the combined 21 and 31 analysis 11231 at the LHC 7 TeV run. Black (+ marked) 
points give WMAP allowed DM relic density. 



co annihilation are the dominant relic density producing mechanisms. A modest fraction of 
the relic density is also produced by annihilation into the W + W~ for relatively low /i which 
become rather tiny for fi > 500.0. 
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The same qualitative features are also observed in Fig. 1(b). In Fig. 1(b) the combination 
of ATLAS and WMAP constraints also favour a bino dominated LSP. However, a sizable 
wino and higgsino components are allowed for relatively small ji. Here LSP annihilation into 
gauge boson pairs is the dominant source of relic density production while bulk annihilation 
as well as LSP -slepton coannihilation is also present. As [i increases the former becomes 
less important and for \i ~ 500 it reduces to the 10 % level. 

In Fig. 1(c) with relatively large M\ the situation is somewhat different. Here the pa- 
rameter space between the blue line and the upper red line is allowed. The lower left corner 
corresponding to relatively low fi and M 2 is forbidden because of large cross sections. The 
upper right corner corresponding to relatively large ji and M 2 is disfavoured by the negative 
LHC search result since the mass difference between xt an d the Xi is large. In the allowed 
region the mass difference between Xi an d Xi is small leading to lower sensitivity. It is 
interesting to note that the LHC constraints allow many different mixed and pure states for 
the LSP. However, in the WMAP allowed zone it is bino dominated with some wino and 
higgsino admixtures. As a result LSP pair annihilation into W + W~ and ti are the dominant 
DM producing mechanism with many other annihilation and coannihilation channels making 
small contributions. 

In Fig. 2 the red lines represent the observed 95% CL exclusion contours 11251 in the 
simplified LGHS model where Xi an d x!i decay into the LSP and gauge bosons - real or 
virtual. More stringent limits are obtained with the 8 TeV data compared to the ones from 
the 7 TeV run [|23Tl ( the blue lines). In this model X s1 masses upto 300 GeV are excluded for 
small m^o and there is no limit for m^o ~ 90 GeV. The CMS limits ll2~6ll are very similar. 

The WMAP allowed parameter space represented by the black crosses has two distinct 
regions. For m^o ~ m h /2, we get WMAP allowed DM relic density due to LSP pair annihi- 
lation into the Higgs resonance of mass ~ 125 GeV. The dominant relic density producing 
mechanism is XiXi ~~ h — >• bb (nearly 85 %). Here the predicted relic density is to a large 
extent independent of other SUSY parameters. At present the collider data disfavours this 
LSP mass for a limited range of chargino mass as shown in Fig. 2 in this heavy slepton 
scenario. 

If the chargino - LSP mass difference is small we also get the correct DM relic density 
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Figure 2: Red lines represent observed 95% CL limit contours for chargino and neutralino production in the 
simplified models (with heavy sleptons) by ATLAS [23 25]. Blue lines correspond to 7 TeV limits from 31 
analysis l23l . The X marked black points are allowed by the WMAP data. 

along a coannihilation strip near the m~± = m^o line. In this case several annihilation and 
co-annihilation processes among an d Xi contribute significantly. We note in passing 

that the ATLAS group has not considered the x\ decays via the h\\ channel which could 
be important in some regions of Fig. 2. For example, with m~± = 300 GeV and m^o ~ 60 
GeV, the above mode is the most dominant decay channel of This mode will deplete the 
trilepton signal in the neighbourhood of the above point. 

The LGHS model can be motivated by a mSUGRA type model with radiative elec- 
troweak symmetry breaking and non-universal gaugino masses. Here the common scalar 
mass m and the SU (3) c gaugino mass M 3 are taken to be large at the GUT scale but M 1 
and M 2 are relatively light. With m = 2 TeV, M 3 = 1 TeV, M x = 300 GeV and M 2 = 180 
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GeV, we obtain the following light EW sparticles : m^o = 124 GeV, m~± = m^o = 138 GeV. 
Moreover from radiative EW symmetry breaking we obtain [i = 2.1 TeV. This ensures that 
Xi is bino dominated and X s1 are wino dominated. With this spectrum we find VLh 2 = 
0.10. 
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Figure 3: Observed 95 % CL limits in the simplified models with intermediate sleptons (R-type) decay by 
the CMS l24l . Here sleptons mass is chosen as mr = m^o + xj (m~± — m^o). Violet, red and blue lines 
represent the exclusion contour for xj = 0.25, 0.50 and 0.75 respectively. Violet (triangle), red (x marked) and 
blue (square) points give WMAP allowed DM relic density following the same color convention. 

We have also considered the constraints from CMS [I241 in the LGRS model. The 95 
% CL exclusion contours are presented in Fig. 3. Exclusion contours for LGRSe, LGRSf, 
LGRSg models are represented by violet, red and blue lines. If %i is varied, the limits on 
chargino - neutralino masses do change but not drastically. 

Following the same color convention, WMAP allowed points represented by triangles 
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(violet), crosses (red) and squares (blue) are superimposed on Fig. 3. Here xi 1S bino like 
and xf is wino like. We have taken \x = 1000 GeV and tan/3 = 6. 

It follows from Fig. 3 that the observed DM relic density is obtained for m^o w 
due to LSP pair annihilation into the Higgs resonance. It may be noted that this LSP mass 
is already ruled out for m~± < 370 GeV by the CMS search. For LSP masses little below 
rrih/2 the observed DM relic density may occur due to additional contributions from bulk 
annihilation via light R-sleptons. 

Some parameter spaces adjacent to the m^o »s rrih/2 line are also consistent with the 
observed DM relic density for R-slepton masses in the small range (100 - 110 GeV) just 
above the LEP limit(see Fig. 3). These regions correspond to different m~± due to the fact 
that for smaller xj, larger m~± yield the R-slepton mass in the above range. Here the main 
contribution to the relic density comes equally from three annihilation channels : ~~ * 
fijl, rf. However bulk of this parameter space is already disfavoured by the CMS data. 

In Fig. 3, the R-slepton - LSP coannihilation strips corresponding to the observed DM 
relic density are shown in the large neutralino mass region (m%o > 100 GeV). LSP pair 
annihilation into ee, fxfi and rf final states still contribute 60 to 80 % in different regions. 
However, IrXi coannihilations into final states with 7/ or Zl vary between 15 to 35 % de- 
pending on the parameter space. These WMAP allowed regions are well outside the present 
CMS exclusion contour. 

In Fig. 4 we have presented the ATLAS exclusion contour (red lines) in the m^o — mj 
plane obtained from the search for L-slepton pair production in the opposite sign dilepton 
channel. In this LLS model R sleptons and all EW gauginos except the LSP are assumed 
to be heavy. Before the advent of the LHC, the LEP experiments had obtained a limit on 
the mass of the fl R as shown in Fig. 4. This limit implies that the left handed sleptons of 
equivalent masses are automatically excluded. 

In order to calculate the DM relic density we have chosen /i = 1 TeV and tan (3 = 6. 
With this choice the LSP is dominantly a bino. The points consistent with WMAP data are 
denoted by black crosses. As noted above the observed DM relic density may occur via LSP 
pair annihilation into the Higgs resonance for m^o « irrespective of the other sparticle 
masses. This LSP mass, however, is already disfavoured for a range of slepton masses as 
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Figure 4: The red line represents 95 % CL exclusion limits Il22l for slepton pair production in the mj - m^o 
plane in a pMSSM model. Yellow region is excluded by LEP experiments on direct slepton pair production. 
Black, red and blue x marked points give WMAP allowed DM relic density in different models. See text for 
details. 

shown in the Fig. 4. 

For larger LSP masses the region corresponding to appropriate relic density yields m^o ~ 
m^. In this LLS scenario the sneutrino is the NLSP and LSP - NLSP co-annihilation is the 
dominant DM producing mechanism. We have taken the standard formula involving the 
SU(2) L breaking D-term which relates the slepton and the sneutrino mass. This coannihila- 
tion strip is not yet sensitive to slepton searches as the mj — m^o is rather small (25.0 GeV 
- 35.0 GeV) . 

It may be recalled that the presence of light R-sleptons does not affect the LHC searches 
in this channel. These sleptons, however, significantly affect the relic density production 
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mechanism. 
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Figure 5: Mi vs Vlh 2 for different choices slepton masses (see text for details). Purple horizontal lines 
represent the WMAP allowed DM relic density band (0.09 to 0.13). 

We have also indicated in Fig. 4 the additional WMAP allowed regions for mr ~ mr 
and fx = 1000 GeV (LLRSLM model) by the red crosses. For relatively small m^o the 
LSP may dominantly pair annihilate into r + — t~ to produce the DM relic density (see the 
vertical strips). Annililation into other lepton-antilepton pairs also contributes albeit to a 
lesser extent. A sizable part of this region corresponding to low LSP masses is already ruled 
out by the ATLAS data. However, for larger LSP masses a parameter space is still allowed by 
both WMAP and LHC data. Here LSP-stau coannihilation as well as a modest contribution 
from bulk annihilation produce the relic density. 

This class of model can be motivated by a mSUGRA type model with radiative elec- 
troweak symmetry breaking with non-universal gaugino masses. m , Mi, M 2 are taken to 
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be relatively light and M 3 is large. With M x = 500 GeV, M 2 = 700 GeV, M 3 = 1 TeV and m 
= 190 GeV we obtained the following spectrum compatible with WMAP data : m^o = 209 
GeV, m^o = m^± = 565 GeV, =215 GeV, e R = 268 GeV, v T = All GeV, z7 e = 482 GeV, 
e~L = 488 GeV Here \i = 1.9 TeV and we have found that for this spectrum VLh 2 = 0.104. 

The points consistent with the WMAP data in the LLRSSM model are denoted by the 
blue crosses. The pattern is roughly the same as the one exhibited by the red crosses. How- 
ever, in the blue coannihilation strip corresponding to relatively large neutralino masses the 
sneutrino(NLSP) - LSP coannihilation is important. Bulk annihilation also contributes to 
some extent. It is clear that for different choices of fi a large fraction of the parameter space 
allowed by the ATLAS L-slepton search is consistent with the WMAP data. 

It follows from Fig. 4 that rather small ranges of LSP and slepton masses have been 
probed by the current slepton search experiments. We next examine the prospect of DM 
relic density production for larger LSP and slepton masses. The WMAP allowed regions in 
LLS, LRS and LLRSLM models are shown in Fig. 5 by the area between the two purple 
horizontal lines. In all models relic density production via the higgs resonance is allowed for 
m^o fa m h /2. In each model we have varied the slepton mass input parameter (same for all 
three generations) in the range between 100 to 300 GeV in steps of 5 GeV. We have taken /i 
= 1.5 TeV in each case and varied Mi in the range between to 300 GeV in steps of 1 GeV. 

In the LLS model (blue + points ) the DM producing mechanism is as in Fig. 4. In 
the LRS model (black triangles) above the Higgs resonance there is a tiny slepton mass 
range for each LSP mass which yields the correct DM relic density via bulk annihilation 
(near horizontal lines). As the LSP mass increases LSP-R-slepton coannihilation (sharply 
falling lines) opens up. In the LLRSLM model (red cross marks) both left and right hand 
slepton mass input parameters are same and here the stau is the NLSP The DM producing 
mechanisms are as in Fig. 4. 

Some of the WMAP allowed points in Fig. 5 lead to interesting collider signals as we 
shall discuss in the next section. 

The ATLAS collaboration has also searched for chargino-neutralino production in the 
LGLS model. The main results are summarized in Fig. 7(a) of fl25l . We follow their choice 
of the charged slepton mass: mj L = (m^o + m~±)/2. However, we donot make the unreal- 
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istic choice mj L = m^. It may be noted that due to SU{2) L breaking D-terms the sneutrinos 
are always lighter than the corresponding charge sleptons. For computing the relic density 
and the collider signals we shall use the well known relation between slepton and sneutrino 
masses in the MSSM. This may have non-trivial consequences for DM relic density produc- 
tion via the co-annihilation of the LSP with the sneutrino NLSP. This happens to be the most 
important relic density production mechanism as in the LLS model discussed above. 

It is also worth noting that the modified sneutrino mass in the LGLS model may change 
in principle the bounds depicted in Fig. 7(a) of ll25l . We have checked that for lighter 
sneutrinos the BR of the decay xt ~^ increases by a few percents. The sneutrinos decay 
invisibly via the channel v\\ ■ As a result the trilepton signal from xf ~ X2 production is 
slightly suppressed. This weakens in the limits obtained. Thus we can conservatively use 
somewhat stronger limits obtained in [|25l in the context of the LGLS model with realistic 
m^. The other difference between the LGLS and the LLS model is that in the former the 
EW gauginos are relatively light but heavier than the sleptons. These gauginos contribute 
negligibly to the relic density production. Thus we shall choose benchmark points in the 
LGLS model in the next section after taking into account the constraints from [|25l as well 
as the constraints from relic density data as shown in Figs. 4 and 5 of this paper. 

3 Collider Signals and Other Observables 

It follows from the last section that if m^o fa the required DM relic density can be 

produced even if all other EW sparticles are heavy. The monojet + fir events ll35l can 
in principle probe this scenario. There are recent suggestions that this LSP mass can be 
probed by the upcoming direct search experiments 111411361 . This scenario reminds one of the 
importance of a e + e~ collider which can efficiently detect invisible particle production via 
the process e + e~ — > 7 + fir- In this case the high energy photon is generated by initial state 
radiation and can be detected easily in the clean environment of a e + e~ collider 0711381 . In 
the models where the sneutrino is the NLSP, it decays invisibly. In such case this signal will 
be further enhanced H371I39I . 

The choice m^o fa m h /2 has already been constrained by the LHC data if the LSP is 
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accompanied by one or more relatively light EW sparticles. It can be readily seen from Figs 
2-4 that m^o ps m h /2 is disfavoured for certain ranges of masses of the accompanying light 
sparticle/ sparticles. 

Part of the WMAP allowed parameter space lying close to the existing exclusion con- 
tours in Figs. 1(a) - 1(c) is likely to be probed by the future experiments on the EW sparti- 
cles search. The same can be said about the bulk annihilation regions in the LLRSLM (red 
crosses) and LLRSSM (blue crosses) in Fig. 4. 

However, the coannihilation strips in Figs. 2-4 will be difficult to probe at the LHC via 
the conventional electroweak signals. This is essentially due to the fact that they involve two 
or more degenerate sparticles. It may be recalled that the LEP experiments obtained bound 
on sparticle mass even if such particles are nearly degenerate with the LSP It is, therefore, 
reasonable to believe that the sparticles producing the DM relic density via suitable co- 
annihilation mechanism can be successfully searched by the future e + e~ experiments. 

There are scenarios, not discussed above, which can efficiently produce the DM relic 
density but the LHC signatures will be rather hard to detect in the near future. The light 
R-slepton (LRS) scenario is a case in point. Here the DM relic density can be efficiently 
produced by bulk annihilation and/or LSP - R-slepton coannihilation. However, as already 
noted the R-slepton pair production cross section at the LHC is too small. Again a e + e~ 
collider will be best machine for probing this scenario. 

If one or more strongly interacting sparticles are just beyond the current reach of the LHC 
experiments, then some of the light sleptons scenarios allowed by the WMAP data may lead 
to distinctive signatures in the n-leptons + m-jets + fir channel for different values of n. This 
was demonstrated by the light stop scenario or the light stop-gluino (LSG) scenario in [fT51 . 
Several other groups have also considered such possibilities [|40ll . In this paper we shall 
concentrate on the light gluino - heavy squark scenario. We substantiate the above claim 
with the help of several benchmark points chosen from the models introduced in the last 
section. All points are allowed by LHC and WMAP constraints. In the following discussion 
we take m~ = 1 TeV which is approximately the current gluino mass limit if all squarks are 
heavy. 

The mass spectra corresponding to our benchmark points are presented in Table 1 . The 
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Table 1 : The mass spectra corresponding to different benchmark points taken from different regions 
of Fig. 1 - Fig. 5 consistent with the LHC and WMAP constraints. 

decay modes relevant for the gluino signal and their branching ratio (BRs) are included in 
Table 2. Next we will discuss the characteristics of these points. 

BP1 and BP2 are taken from LGRSa and LGRSc scenarios (Figs. 1(a) and 1(c)) respec- 
tively. Note that the decay modes and BRs are very similar for these two points. However, 
the gaugino masses are relatively large in BP2. For reasons already discussed the domi- 
nantly decays to T\V T . 

BP3, BP4, BP5 are chosen from the LGHS scenario (Fig. 2). In BP3 and BP4 m^o « 
rrih/2. In both the cases the correct DM relic density is produced due to the Higgs resonance. 
In BP4, m^±(~ m^o) is much larger than BP3. As a result x° dominantly decays into hxi 
which suppresses the leptonic signals. For BP5 lying on the coannihilation strip in Fig. 2, 
m^± ( = m^o) and m^o are very close. This also suppresses the leptonic signals as we shall 
see below. 
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Table 2: The BRs (%) of the dominant decay modes of g (for m~ = 1 TeV), xf an d X® f° r me 
benchmark points. Here I stands for e and \i, but £ denotes all three generation leptons. 
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BP6 is chosen from LGRS (Fig. 3) where right handed slepton mass = 0.75 xm^o + 0.25 
xm~± ( %i = 0.25). Here the LSP-slepton mass difference is rather small while chargino- 
slepton mass difference is large. In this case the relevant decay modes and their BRs are 
similar to BP1 or BP2. We have also considered xj = 0.25 and 0.5, but the gluino signal 
discussed below does not show any new feature. 

BP7 is chosen from LLS scenario (Fig. 4). The chargino is much heavier than the slepton 
but lighter than the gluino. This does not affect the slepton pair production signal. Here BR 
(g — > XiQQ) is 60 %. As a result the SSD signal will be suppressed (see Table 3). This point 
is also allowed by the chargino - neutralino search in LGLS model (see Fig. 7(a) of II251I ). 

BP8, BP9 belong to the LGLS model discussed at the end of the last section. These 
points are allowed by the chargino - neutralino search (see Fig. 7(a) of 112510 and consistent 
with the WMAP data (see Fig. 5). 

The point BP 10 in the LGLRS scenario with both light L and R type sleptons is consis- 
tent with the WMAP data (Fig. 5) and all LHC search results. 

Next we turn our attention to the n-leptons + m-jets + fir (n > 0) signal in the light 
gluino scenario. We have concentrated on the gluino mass limits obtained in the n = and n 
= 2 (SSD) channel using the current ATLAS data. 

ATLAS group has updated their result for SUSY search in jets + fir channel (n = 0) for 
£ = 5.8 ftT 1 at 8 TeV BU. They have defined five inclusive analysis channels labelled as A 
to E according to jet multiplicity from two to six. The details of the cuts are given in Table 
1 of [0. Depending upon the final cuts on the observables fir I Tn e ff and m e //(incl.) each 
channel is further classified as 'Tight', 'Medium' and 'Loose'. ATLAS has finally presented 
the results for 12 signal regions and has constrained any new physics model in terms of 
upper limit on the effective cross-section (r BSM lfb or number of events N BS m- The observed 
upper limits on N BS m at 95 % Confidence Level (CL) for signal regions SRA-Tight, SRA- 
Medium, SRA-Loose, SRB-Tight, SRB-Medium, SRC-Tight, SRC-Medium, SRC-Loose, 
SRD-Tight, SRE-Tight, SRE-Medium, SRE-Loose are 8.9, 33.9, 224.8, 7.3, 43.8, 3.3, 17.9, 
65.7, 6.0, 9.3, 9.9, 10.4 respectively 0. 

Event selection criteria and details of the cuts for two same sign dilepton search by 
ATLAS are available in [fTOl . The observed upper limits on N B sm at 95 % Confidence Level 
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(CL) for this channel at C = 5.8 ftr 1 is 6.3. 

We have adopted the different selection criteria for different signal regions and checked 
whether the no of events coming from gg pair production exceed the corresponding up- 
per limit for atleast one signal region. In this way we have derived the new limits. Using 
PYTHIA (v6.424) HTTl Monte Carlo (MC) event generator, we have generated the signal. 
The next to leading order (NLO) cross-section for the gg pair production have been com- 
puted by PROSPINO 2.144 flU with CTEQ6.6M PDF HI. 
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Table 3: Limits on m~ using the ATLAS jets + fir M data and the SSD flU data. 

Limits on m~ using the ATLAS jets + fir J3 data and the SSD [TTOl data are presented 
in Table 3. In most cases the SRD-Tight signal region is effective in finding the revised 
exclusion limit for different EW sectors. 

It is clear from Table 3 that in the LGHS model strongest limits (m~ > 1 150 GeV) come 
from ATLAS jets + fir flU data for BP3 - BP5. On the otherhand the SSD signal is severely 
depleted in BP4 ( due to the spoiler mode x° — > ^X? ) an d BP5 (due to small mass differences 
among the EW gauginos). It will be interesting to check whether the higgs boson in the final 
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state can be reconstructed to distinguish BP4 from other scenarios. In BP5 a fare fraction of 
the final state will contain an isolated photon (see Table 2). In fact we have checked that all 
along the coannihilation strip in Fig. 2 the decay \\ ~~ TX? occur with moderately large BR. 
It will be challenging to nail down this scenario by identifying the photon. 

For BP1, BP2, BP6 and BP7 gluino mass limit is about 1 TeV from the jets + fir data. 
The SSD channel puts weaker constraints. In BP7 with relatively heavy chargino, the limits 
from the SSD channel disappears. 

In BP8, BP9, BP10 jets + fir data puts a weaker limit on m~ (see Table 3 for details). 
In fact in all cases the SSD (21) signal is more sensitive to m~ than the 0/ signal. It may be 
noted that all these points are either from LGLS or LGLRS scenario i.e., the models contain 
light L-sleptons. 
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Table 4: Here r\ ( r 2 ) represents the ratio of 01 signal, with SRD-Tight signal region J9l, and 
21 signal IfTOl for m~ =1.2 TeV for light (heavy) sleptons. 

The above discussions suggest that should a SUSY signal be seen, the relative size of 
01 and SSD signal may provide some hint for the underlying electroweak sector with light 
sleptons. In Table 4 we present the ratio r\ of 01 events (with SRD-Tight signal region) 
and the SSD events IfTOl for m~ =1.2 TeV. In the second column the sparticle spectra as in 
Table 1 have been used to compute r\. In the third column only the light sleptons in each 
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scenario are replaced by heavy sleptons for computing the same ratio denoted by r 2 . It may 
be noted that irrespective of the electroweak sector concerned r\ < 10. On the otherhand 
in other scenarios not presented in Table 4, r\ is very large. This ratio, free from many 
theoretical uncertainties, may turn out to be an useful model discriminator. 

Interest in the light slepton scenario builds up in the context of the discrepancy between 
the measured value of the (g-2) of the muon Il28l and the standard model prediction. For a 
review of the theoretical prediction see, e.g., fl44l . The alleged disagreement,however, hinges 
on the belief that the tiny corrections to (g — 2)^ due to low energy strong interactions can 
be computed very accurately. It is claimed that this can be achieved by computations using 
the e + — e _ — > hadron data. One then finds that a positive contribution from physics beyond 
the SM of Aa M = a M (exp) - a M (SM) = (26.1 ± 8.0) x 10~ 10 is required to resolve this 
discrepancy. It is worth noting that if the same corrections are computed using the hadronic 
r decay data the agreement between the SM prediction and the measured value improves. 
For a recent critical appraisal of different methods of computing the hadronic contribution 
and possible sources of error see, e.g., ffl31 . 

It is well-known that SUSY can potentially enhance the (g — 2) M . The major SUSY 
contributions may arise from i) the chargino - sneutrino loop or ii) the neutralino - smuon 
(both L and R - type) loop [HI 

SUSY contributions of type i) naturally arises in the LGLS model. Recently this model 
has been constrained by simultaneously using the ATLAS data on chargino - neutralino 
search and the (g — 2) M data (see Figs. 1(a) - 1(c) of R7T0 These constraints can not be 
directly compared with the similar ones obtained by ATLAS [1251 . as they were obtained 
with different MSSM inputs. However, the WMAP allowed regions in Figs. 1(a) - 1(b) 
of iHTTl can be easily identified. It has already been noted in the last section that the relic den- 
sity in this model is produced mainly by sneutrino-LSP co-annihilation. Thus the WMAP 
allowed regions must lie just above the thick dark lines, representing my = m^o shown in 
these figures. Using micrOMEGAs [|32l we have checked that these points simultaneously 
satisfy the LHC, the DM relic density and the (g — 2) p constraints. 

The contribution of type ii) arises in the light gaugino and light L-R type slepton model 
if the higssino mass parameter ji is large (the LGLRLM). The EW signals in this model have 
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not been investigated by the LHC experiments. However, as in the LGLS model the relevant 
constraints have been presented in Fig. 1(d) of [I471 . In the model of IPT7TI the right sleptons 
are heavier than the L-sleptons and the sneutrino is the NLSP. As a result the sneutrino is 
the NLSP and NLSP - LSP coannihilation is the dominant DM producing mechanism. Thus 
the region just above the thick black line of Fig. 1(d) of Il47l represent the parameter space 
consistent with the WMAP data which is also allowed by the (g — 2) M and LHC constraints. 

4 Conclusions 

In this paper we have considered several scenarios involving light EW sparticles (Section 2) 
which can potentially explain the observed DM relic density of the universe. Some of these 
scenarios have been constrained by the ATLAS and CMS data. 

In the most economical model only the LSP is light with mass m^o « m h /2, while all 
other sparticles are heavy. LSP pair annihilation into the lighter h-scalar is the relic density 
producing mechanism. The corresponding LHC signature in the monojet + met channel 
would be rather hard to detect. 

A two sparticle model of the EW dark matter consists of the LSP and a light R-type slep- 
ton (the LRS model). This model has not been tested at the LHC as the R-slepton production 
cross section is rather tiny. Both the above models may be easily tested at a suitable e + e~ 
collider. 

Another two sparticle model which has already been tested by the search for slepton 
pair production is the light L-slepton (LLS) scenario (see Fig. 4). The above choice m^o fa 
m h /2 is disfavoured by the LHC data for 130 < mj L < 180 GeV. Apart from the LSP pair 
annihilation into the h-resonance, LSP - sneutrino (NLSP) co-annihilation could be the main 
relic density producing mechanism (see Fig. 4). The co-annihilation strip corresponding to 
a small mass difference between the LSP and the L-slepton is far away from the parameter 
space sensitive to the current LHC experiments. This indicates that it will be hard to test this 
model by the LHC experiments at least in the near future. 

A three particle model consisting of light L and R-type sleptons (LLRS) in addition to 
the LSP will have the same LHC signature as the LLS model. However, due to the R-slepton 
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the DM producing mechanism could be different depending on the magnitude of mixing in 
the stau mass matrix which determines whether the lighter stau or the sneutrino would be 
the LSP. The parameter space consistent with the WMAP data with the choice mf = mj; is 
shown in Fig 4. The regions lying close to the present exclusion contours may be probed by 
the next round of LHC experiments. 

We have also considered the LLRS model with larger LSP and slepton masses. The 
parameter space consistent with the WMAP data is shown in Fig. 5. The dominant relic 
density producing mechanisms are more or less the same as the ones discussed above. 

A model with heavy sleptons but relatively light xf an d xt (LGHS) is another three light 
sparticle scenario considered in this paper. The present LHC constraints are exhibited in Fig 
2. The DM producing mechanism with m^o « is disfavoured for 180 < m~± < 290 

GeV. The co- annihilation strip shown in Fig. 3 is also consistent with the WMAP data. Here 
Xi, X.2 an d xf are nearly degenerate. The LHC signature will be very hard to detect. 

The LGRS model with four light sparticles consists of Xi> X2 an ^ the R-type slepton. 
The ATLAS collaboration has taken vh~ 1r = (m^o + m%o)/2. The resulting LHC and WMAP 
constraints are shown in Figs. 1(a), 1(b) and 1(c). It is expected that the WMAP allowed 
regions close to the present exclusion contour may be probed by the next round of exper- 
iments. The CMS collaboration has assumed a more general relation between the slepton 
and the gaugino masses (see Section 2). The resulting constraints both from LHC and the 
observed relic density can be found in Fig. 3. A large fraction of the parameter space con- 
sistent with the WMAP data has already been excluded. The regions close to the exclusion 
contours may be probed in the near future. Probing the long co annihilation strips with nearly 
degenerate R-slepton and the LSP at the LHC will be rather challenging. 

A similar model comprising of xf, X2 an ^ L-type sleptons (LGLS) have also been con- 
sidered. The constraints from the ATLAS collaboration with the choice m,~ = (m^o + 
777^0 )/2 can be found in Fig. 7(a) of [25] . The main relic density producing mechanism is 
the LSP-sneutrino co-annihilation. As a result the mass splitting between the slepton and the 
LSP is also small but not as small as that between the LSP and the sneutrino. Nevertheless 
the trilepton signal in this model would be rather hard to detect. 

The model with light electroweak gauginos and both L and R type sleptons (LGLRS) 
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have not been tested at the LHC. However, we have considered the signatures of this model 
in the light gluino scenario (Section 3). 

In addition to a light EW sector the gluino could be relatively light without affecting the 
predictions for the DM relic density. However, this may lead to interesting consequences 
for LHC search. In Table 3 we present the revision of the gluino mass limit for different 
benchmark scenarios (see Table 1). These scenarios are consistent with the LHC constraints 
on the electroweak sparticles and the observed DM relic density. It may be recalled that in 
the mSUGRA model the strongest gluino mass limit for heavy squarks is about 1 TeV. This 
is obtained by the searches in the jets + ftp channel which is expected to yield the strongest 
limit. It is worth stressing that in scenarios with light L-sleptons ( BP8, BP9 and BP10) the 
limit may be relaxed by as much as 25%. The corresponding limits in the SSD + jets + f)r 
channel, however, are quite competitive with the existing limits. 

If the gluinos are just beyond the current reach of the LHC then different EW scenarios 
can be distinguished by the n-leptons + n-jets + tfk signal. This is illustrated by the relative 
rates of the signal events for n=0 and n=2 (the SSD signal) measured through the ratio r\ 
defined in Table 4. It may be noted that this ratio involves very little theoretical uncertainty 
and can be measured with sufficient accuracy if the backgrounds are reduced to negligible 
levels with the accumulation of data. On the one hand there are scenarios where the SSD 
signal is strongly suppressed and n is very large (see Table 3 ). On the other extreme there 
are the LGLS or the LGLRS scenario where r\ is rather small (Table 4 second column). 
In any case in all models with either L or R type sleptons r\ < 10. If the light slepton is 
removed the corresponding ratio r 2 is much larger. 

It is worth noting that the LGLS or the LGLRS model can potentially remove the alleged 
discrepancy between the theoretical prediction for (g — 2) M in the SM with the data. The 
parameter space compatible with LHC, WMAP and (g — 2) M constraints can be easily located 
in Fig. 1 of ll47l . The regions just above the thick black lines indicating m-p pa m^o in Figs. 
1(a), 1(b) and 1(d) satisfy all the above constraints. 

The light slepton scenario as discussed in this paper are intimately connected to novel 
collider signatures, the observed DM relic density of the universe and enhanced prediction 
for the (g — 2)^ of the muon. It is, therefore, extremely important to asses the prospect of 
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searching the chargino-neutralino and slepton pair production signals at the LHC 13/14 TeV. 
A recent analysis has addressed the prospect of gaugino pair production via gauge boson 
fusion at the LHC 14 TeV experiments ll4~8l . 

In this context it may be noted that in a large parameter space of the EW sector of the 
MSSM, not extensively discussed, in this paper, the stau is the NLSP. In these regions the 
electroweak signals dominantly consists of tau rich final states ||4"9l . Using efficient tau 
tagging at the LHC one can probe additional parameter spaces via these channels. 



References 

[1] H. P. Nilles, Phys. Rep. 110, 1 (1984); H. E. Haber and G. Kane, Phys. Rep. 117, 75 



(1985) ; S. P. Martin, [arXiv:hep-ph/9709356|. 



[2] J. Wess and J. Bagger, Supersymmetry and Supergravity, 2nd ed., (Princeton University 
Press, Princeton, 1991). 

[3] M. Drees, P. Roy and R. M. Godbole, Theory and Phenomenology ofSparticles, (World 
Scientific, Singapore, 2005). 

[4] W. L. Freedman and M. S. Turner, Rev. Mod. Phys. 75, 1433 (2003) 



[arXiv:astro-ph/0308418|; L. Roszkowski, Pramana 62, 389 (2004) 



garXiv:hep-ph/0404052) ; G. Bertone, D. Hooper and J. Silk, Phys. Rept. 405, 



279 (2005) [ arXiv:h ep-ph/0404175|. 

[5] H. Baer and X. Tata in Physics at the Large Hadron Collider, Indian National Science 
Academy, A Platinum Jubilee Special Issue (Eds. A. Datta, B. Mukhopadhyaya and A. 
Raychaudhuri; Springer, 2009). 

[6] G. Jungman, M. Kamionkowski and K. Griest, Phys. Rept. 267, 195 (1996) 
[ [arXiv:hep-ph/9506380) . 



[7] ATLAS Collaboration, Phys. Rev. D 87, 012008 (2013) [arXiv: 1208.0949]; 



29 



[8] ATLAS Collaboration, ATLAS-CONF-2012-103 [http://cdsweb.cern.ch/record/1472672]; 



ATLAS Collaboration, ATLAS -CONF-20 12- 104 [ |http://cdsweb.cern.ch/record/1472673] ; 
CMS Collaboration, HarXiv:1212.61941 : CMS Collaboration, llarXiv: 1212.696111 : CMS 
Collaboration, llarXiv: 1303.2 985 1. 



[9] ATLAS Collaboration, ATLAS -CONF-20 12- 109 [ [http://cdsweb.cern.ch/record/1472 7 1 ] 



[10] ATLAS Collaboration, ATLAS-CONF-2012-105 [ [http://cdsweb.cern.ch/record/1472674] . 

[11] P. Bechtle et.al., Phys. Rev. D 84, 011701 (2011) llarXiv: 1102.469311 : S. Akula, et 
al, Phys. Lett. B 699 (2011) 377 llarXiv: 1103. 119711 : N. Bhattacharyya, A. Choud- 
hury and A. Datta, Phys. Rev. D 83, 115025 (2011) llarXiv: 1104.033311 ; O. Buch- 
mueller, et al, Eur. Phys. J. C 72 (2012) 1878 P arXiv: 11 10.356811 : M. Papucci, 
J. T. Ruderman and A Weiler, JHEP 09 (2012) 035 llarXiv: 11 10.69261 : S. Heine- 



meyer, larXi v: 1202. 19911 : R. M. Chatterjee, M. Guchait and D. Sengupta, Phys. 
Rev. D 86, 075014 (2012) llarXiv: 1206.57701 : R. Benbrik, et al, Eur. Phys. J. C 
72 (2012) 2171 llarXiv: 1207. 109611 : D. Ghosh and D. Sengupta, Eur.Phys.J. C73 
(2013) 2342 llarXiv: 1209.43 1011 : G. Cottin, M. A. Diaz, S. Olivares and N. Rojas, 
HarXiv:1211.10001 : P. Bechtle, et al, llarXiv: 121 1.195511 : A. Dighe, D. Ghosh, K. M. 
Patel and S. Raychaudhuri llarXiv: 1303.07211 . 

[12] S. Akula, D. Feldman, Z. Liu, P. Nath and G. Peim, Mod. Phys. Lett. A 26 (2011) 
1521 HarXiv:l 103.50611 : N. Bhattacharyya, A. Choudhury and A. Datta, Phys. Rev. 
D 84, 095006 (2011) llarXiv: 1107.199711 : A. Arbey, M. Battaglia and F. Mahmoudi, 
Eur.Phys.J. C72 (2012) 1847 llarXiv: 11 10.37261 : K. A. Olive, llarXiv: 1202.232411 : A. 
J. Williams, C. Boehm, S. M. West and D. A. Vasquez, Phys. Rev. D 86, 055018 
(2012) llarXiv: 1204.372711 : A. Arbey, M. Battaglia and F. Mahmoudi, Eur.Phys.J. 
C72 (2012) 2169 llarXiv: 1205.25571 : W. Wang, Adv.High Energy Phys. 2012 (2012) 
216941 llarXiv: 1205.5081 II : G. Belanger, S. Biswas, C. Boehm and B. Mukhopadhyaya 
JHEP 12 (2012) 076 llarXiv: 1206.540411 : P. Nath, llarXiv: 1207.55011 : C. Boehm, P. S. 
B. Dev, A. Mazumdar and E. Pukartas, [arXiv: 1303.5386]; S. Scopel, N. Fomengo and 
A. Bottino, llarXiv: 1304.535311 : 



30 



[13] S. Akula, et al, Phys. Rev. D 85, 075001 (2012) HarXiv: 11 12.364511 : D. Ghosh, 
M. Guchait, S. Raychaudhuri and D. Sengupta, Phys. Rev. D 86, 055007 
(2012) larXiv: 1205.22831 : A. Fowlie, et al, Phys. Rev. D 86, 075010 (2912) 
llarXiv: 1206.02641 : M. Cannoni, O. Panella, M. Pioppi and M. Santoni, Phys. Rev. 
D 86, 037702 (2012) HarXiv: 1206.57591 : O. Buchmueller, et al, Eur. Phys. J. C 72 
(2012) 2243 HarXiv:1207.73151 : 

[14] G. Arcadi, R. Catena and P. Ullio, HarXiv:1211.5129l . 

[15] Arghya Choudhury and Amitava Datta, JHEP 06 (2012) 006 r iarXiv:1203.4T06l l. 

[16] A. H. Chamseddine, R. Arnowitt and P. Nath, Phys. Rev. Lett. 49 (1982) 970; R. Barbi- 
eri, S. Ferrara and C. A. Savoy, Phys. Lett. B 119 (1982) 343; L. J. Hall, J. Lykken and 
S. Weinberg, Phys. Rev. D 27, 2359 (1983); P. Nath, R. Arnowitt and A. H. Chamsed- 
dine, Nucl. Phys. B 227, 121 (1983); N. Ohta, Prog. Theor. Phys. 70, 542 (1983). 

[17] T. J. LeCompte and S. P. Martin, Phys. Rev. D 84, 015004 (2011) HarXiv: 1105.43041 : 
T. J. LeCompte and S. P. Martin, Phys. Rev. D 85, 035023 (2012^ larXiv:l 11 1.68971 . 

[18] H. K. Dreiner, M. Kramer and J. Tattersall, Europhys. Lett. 99 (2012) 61001 [ 
larXiv: 1207. 15131 ; B. Bhattacherjee and K. Ghosh, [ arX iv: 1207.62891 : H. K. Dreiner, 
M. Kramer and J. Tattersall, Phys. Rev. D 87, 035006 (2013) r iarXiv:1211.498TI 

[19] For the latest limits on the sparticle masses from LEP experiments: see,e.g., 
[http://lepsusy.web.cern.en/lepsusy/l . 

[20] T. Aaltonen. et al, CDF Collaboration, Phys. Rev. Lett. 101, 251801 (2008) 
HarXiv:0808.24461 . 

[21] ATLAS Collaboration, Phys. Lett. B 716 (2012) 1-29 HarXiv: 1207.72141 : CMS Col- 
laboration, Phys. Lett. B 716 (2012) 30-61 HarXiv: 1207.72351 . 

[22] ATLAS collaboration, Phys. Lett. B 718 (2013) 879 r iarXiv: 1208.28841 1. 

[23] ATLAS collaboration, Phys. Lett. B 718 (2013) 841 r iarXiv: 1208.31441 1. 



31 



[24] CMS Collaboration, JHEP 11 (2012) 147 r iarXiv: 1209.6 620 ]. 

[25] ATLAS collaboration, ATLAS -CONF-20 12- 154 [ |http://cdsweb.cern.ch/record/1493493] . 

[26] CMS Collaboration, CMS-PAS-SUS- 12-022 flhttp://cdsweb.cern.ch/record/1496092] . 

[27] A. Djouadi et al. [MSSM Working Group Collaboration], | |hep-ph/9901246) . 



[28] Muon G-2 Collaboration, Phys. Rev. D73 (2006) 072003 [hep-ex/0602035J; B. L. 
Roberts, Chin. Phys. C34 (2010) 741744 llarXiv: 1001.28981 . 

[29] A. Datta, M. Guchait and N. Parua, Phys. Lett. B 395 (1997) 54-62 [ |hep-ph/96094T3| |. 

[30] A. Djouadi, J. L. Kneur and G. Moultaka, Comp. Phys. Comm. 176, 426 
(2007)[[arXiv:hep-ph/0211331 1. 



[31] M. Muhlleitner, A. Djouadi and Y. Mambrini, Comp. Phys. Comm. 168, 46 (2005) 
]arXiv:hep-ph/0311l67) . 



[32] G. Belanger et al, Comp. Phys. Comm. 182, 842 (201 1) llarXiv: 1004. 10921 . 

[33] E. Komatsu et al, (WMAP Collaboration), Astrophys. J. Suppl. 192, 18 (2011) 
narXiv: 1001.45381 . 



[34] N. Baro, F. Boudjema and A. Semenov, Phys. Lett. B 660 (2008) 550 
HarXiv:07 10. 18211 . 

[35] CMS Collaboration, JHEP 09 (2012) 094 H arXiv: 1206.56631 : ATLAS Collaboration, 
JHEP 04 (2013) 075 HarXiv:1210.4491ll : 

[36] T. Han, Z. Liu and A. Natarajan, llarXiv: 1303.30401 ; D. Hooper, C. Kelso, P. Sandick 
and W. Xue, llarXiv: 1304.24171 . 

[37] A. Datta, A. Datta and S. Raychaudhuri, Phys. Lett. B 349 (1995) 113-117 
[ |arXiv:hep-ph/941 1435] ; A. Datta, A. Datta and S. Raychaudhuri, Eur.Phys.J. CI 



(1998) 375 [arXiv:hep-ph/9605432] 



32 



[38] C. -H. Chen, M. Drees and J. F. Gunion, Phys. Rev. Lett. 76, 2002-2005 (1996) 
| |arXiv:hep-ph/95 12230) ; H. K. Dreiner, O. Kittel and U. Langenfeld, Phys. Rev. D 



74, 115010 (2006) [arXiv:hep-ph/06 10020]; R. Basu, P. N. Pandita and C. Sharma, 



Phys. Rev. D 77, 1 15009 (2008) r arXiv:07 11.21211 . 

[39] A. Datta and A. Datta Phys. Lett. B 578 (2004) 165-175 garXiv:hep-ph/0210218| . 

[40] K. Huitu, L. Leinonen and J. Laamanen, Phys. Rev. D 84, 075021 (2011) 
larXiv: 1107.21281 : C. Brust, A. Katz, S. Lawrence and R. Sundrum JHEP 03 (2012) 
103 larXiv: 11 10.66701 : X. -J. Bi, Q. -S. Yan and P. -F. Yin Phys. Rev. D 85, 035005 



(2012) larXiv:! 11 1.22501 : N. Desai and B. Mukhopadhyaya, JHEP 05 (2012) 057 
HarXiv:ll 11.28301 : Z. Kang, et al, Phys. Rev. D 86, 095020 (2012) larXiv: 1203.23361 : 
Z. Han, A. Katz, D. Krohn and M. Reece, JHEP 08 (2012) 083 larXiv: 1205.58081 : 
J. Cao, et al, JHEP 11 (2012) 039 larXiv: 1206.38651 A. Choudhury and A. Datta, 
Mod.Phys.Lett. A27 (2012) 1250188 larXiv: 1207. 1846 1: C. Y. Chen, A. Freitas, T. 
Han and K. S.M. Lee, JHEP 11 (2012) 124 [larXiv: 1207.47941 :M. Carena, G. Nar- 
dini, M. Quiros and C.E.M. Wagner, JHEP 02 (2013) 001 llarXiv: 1207.63301 : M. A. 
Ajaib, I. Gogoladze and Q. Shaft, Phys. Rev. D 86, 095028 (2012) larXiv: 1207.70681 : 
C. Wymant, Phys. Rev. D 86, 115023 (2012) larXiv: 1208. 17371 : Z.-H. Yu, X.-J. Bi, 



Q.-S. Yan and P.-F. Yin, larXiv: 121 1.29 971: K. Krizka, A. Kumar, D. E. Morris- 
sey, larXiv: 1212.48561 : B Bhattacherjee, S. K. Mandal, M. Nojiri JHEP 03 (2013) 
105 larXiv:121 1.72611 : M. Carena, S. Gori, N. R. Shah, C. E. M. Wagner and L.-T. 
Wang, larXiv: 1303.44T41 A. Chakraborty, D. K. Ghosh, D. Ghosh and D. Sengupta, 
larXiv: 1303.57761 P. Agrawal and C. Frugiuele. larXiv: 1304.30681 . 



[41] T. Sjostrand, S. Mrenna and P. Skands, JHEP 05 (2006) 026 [arXiv:hep-ph/0603175| 



[42] W. Beenakker et al, Nucl. Phys. B 515, 3 (1998) [arXiv:hep-ph/96 10490] 



[43] P. M. Nadolsky et al, Phys. Rev. D 78, 013004 (2008) larXiv:08Q2.00071 . 

[44] F. Jegerlehner and A. Nyffeler, Phys.Rept. 477 (2009) 1-1 10 HarXiv:0902.3360i 



33 



[45] M. Passera, WJ. Marciano and A. Sirlin, AIP Conf. Proc. 1078 (2009) 378-381 
larXiv:0809.40621 . 



[46] U. Chattopadhyay and P. Nath, Phys. Rev. D 53, 1648 (1996) [arXiv:hep-ph/9507386| 



; T. Moroi Phys. Rev. D 53, 6565 (1996) (erratum - Phys. Rev. D 56, 4424 (1997) 
[arXiv:hep-ph/95 12396) ; S. Hinemeyer, D. Stoeckinger and G. Weiglein Nucl.Phys. 



B690 (2004) 62-80 [arXiv:hep-ph/03 12264] ; G. -C. Cho, K. Hagiwara, Y. Matsumoto 



and D. Nomura, JHEP 11 (201 1) 068 larXiv: 1104. 17691 . 
[47] Motoi Endo, Koichi Hamaguchi, Sho Iwamoto, Takahiro Yoshinaga, arXiv: 1303.4256 
[48] A. G. Delannov et al. . larXTv: 1304.77791 

[49] N. Bhattacharyya and A. Datta, Phys. Rev. D 80, 055016 (2009) larXiv:0906. 14601 . 



34 



